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Abstract: Tip-enhanced Raman spectroscopy (TERS) can be used for scanning imaging, molecular detection and chemical 
analysis. The improvement of detection sensitivity, which is related to the electric field enhancement in the TERS substrate, 
has attracted much attentions from researchers. In this work, we numerically studied the local electric field enhancement in the 
virtual-real probe dimer structure with a vertical gap. We mainly analyzed the influence of the structure parameters on the field 
enhancement using the finite-difference time-domain (FDTD) method. The Raman enhancement factor could reach up to 
151.6 10 . The local field enhancement benefits from plasmon hybridization between the longitudinal component of the virtual 
probe (VP) and the local surface plasmon (LSP) of the real probe. We also found that the FWHM of the electric field was as 
narrow as 7.8 nm and the volume of the hotspot for single-molecule detection can reach a maximum value of 155 nm3. The 
virtual-real probe dimer structure has ultrahigh field enhancement and spatial resolution, which is promising for high-sensitivity 
detection and high-resolution imaging. 
 
I. Introduction 
Raman detection is a fast, non-destructive modern characterization technique that provides molecular vibration 
information1, but the Raman scattering is a fast and inelastic energy exchange process with 10-6-10-8 photons of the incident 
light within a picosecond or less, leading to a weak Raman scattering signal2. Surface-enhanced Raman scattering (SERS) can 
significantly increase the Raman signals of the analyte with an average enhancement factor of about 104-106 by placing it near 
the surface of the metal nanostructured substrate1. For the conventional SERS substrates including metal nanoparticles3,4 and 
metal nanoshells4, moderately enhanced electric fields can be formed on their surfaces. For nanostructures with sharp corners, 
including metal nanocubes5, gold nanostars6, and metal probe7, the electric field enhancement is stronger than those 
nanostructures with smooth surfaces, because the electric fields could be more highly localized at the vicinity of the structure 
apexes. To further enhance the electric field, Lu et al. proposed a method to acquire a considerable field enhancement by 
illuminating the metal probe with focused multi-order radially polarized beam (RPB)8. However, the above-mentioned field 






























































































In recent years, coupled metal nanostructures with gaps have attracted much attention3. The standard coupled structures, 
including nanoparticle dimer4, bowtie9 and its array pattern10, etc., can be used to obtain a Raman enhancement factor of about 
6 orders of magnitude, which is much higher than that of the monomer structure. The huge field enhancement comes from the 
plasmonic interaction in the nanogap. Following this mechanism, the coupled structure with the metal probe has been studied. 
Zhang et al have obtained the Raman enhancement factor of about 14 orders of magnitude by a concurrent scanning double-
tip-enhanced Raman scattering (CS-TERS) system11. Nevertheless, the utilized coupled structure is horizontally-oriented, thus 
providing no scanning ability. Also, the introduction of an extra tip structure would add extra cost and complexity to the device. 
Sun et al. found that the electric field enhancement of the longitudinal orientation coupled structure comprised of a probe and 
a gold nanoparticle was larger than that of the monomer probe12. Although this configuration has scanning ability, the instability 
of the nanoparticle will affect the field enhancement. A vertically-oriented coupled structure comprised of double probes is 
expected to achieve higher field enhancement with the scanning function, but the potential disadvantage of this structure is the 
requirement for the precise alignment of the double probes. 
As a counterpart of the real probe, virtual probe (VP) 13-15 has been proposed and used to achieve the enhancement of 
Raman signal and dynamic detection with high spatial resolution15. It is a standing wave generated by the constructive 
interference of the surface plasmon waves on a flat metal film. The longitudinal component is dominant in its electric field14,15. 
It has been demonstrated that a vertical coupled structure comprised of the VP and metal nanoparticle can be used to achieve 
an ultrahigh electric field enhancement14,16, enabling single-molecule detection. Nevertheless, the instability of the nanoparticle 
restricts its practical application. 
Here, a virtual-real probe dimer structure with a vertical gap was used to enhance the electric field and was simulated using 
the finite-difference time-domain (FDTD) method. We investigated the influence of the following parameters on the electric 
field enhancement: the curvature radius R of the real probe, the longitudinal gap distance d between the metal probe and metal 
substrate, and the excitation laser wavelength λ. Furthermore, we also studied the spatial resolution and hotspot volume of the 
structure. 
Ⅱ. Theory and method 
A. The generation of virtual probe by focused radially polarized beam 
The schematic diagram of the virtual-real probe dimer is shown in Fig. 1(a). The coupled structure is illuminated by the 
focused RPB from bottom to up, which has covered the specific angle of the wave vector matching for the excitation of surface 
plasmon resonance (SPR)17,18. The laser wavelength is 632.8 nm. The real silver probe is modeled as an inverted cone with an 





























































































to the sensitivity of surface plasmon to the TM polarization, the excited surface plasmon polaritons have a symmetrical circle 
distribution on the metal surface, as shown in Fig. 1(a). When surface plasmon waves propagate towards the center, due to the 
constructive interference of the surface plasmon waves, a strong standing wave field is formed at the central area, as shown in 
Fig. 1(b), also called virtual probe13,14.  
 
 
FIG. 1. (a) Schematic of the virtual-real probe dimer. (b) The local electric field distribution of the VP in the Y-Z section. (c) Schematic of 
a physical model for the virtual-real probe dimer. 
 
To calculate the electric field distribution of VP, we only consider the longitudinal component of VP, which dominates the 
total field distribution20. According to the Richards-Wolf vector diffraction theory, the longitudinal component can be expressed 
as20,21 
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, (1) 
where ( )pt   is TM polarization transmission coefficient with incident angle   , A  is a constant, ( )P   is the pupil 
apodization function, ( )mJ x  is the first kind of m-order Bessel function, max  is the maximum incident angle with focused 
RPB, 1k  and 2k  are the wave vectors above and below the silver layer, respectively. 
The virtual-real probe dimer can be considered as a VP stimulated tip-enhanced Raman scattering (TERS) structure, to 
analyze the local electric field, the tip of the metal probe is regarded as a sphere as shown in Fig. 1(c), and VP is regarded as 











































































































moment of the metal sphere is related to the incident electric field 
0E : m m inc=P E
14,22. The local electric field around the 
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where n represents a unit vector along the direction of 
0E . 
Ⅲ. Results and Discussions 
A. The field enhancement in the virtual-real VP dimer 
To compare the electric field enhancement of the coupled structure with and without VP, we simulated the local electric 
field distributions of Ag probe-glass, Ag probe-VP, and Ag-coated probe-VP configurations. We adopted the perfect match layer 
(PML) boundary conditions in all our simulations. The gap distance d was set as 2 nm and the curvature radius R of the 
hemisphere within the metal probe was set as 15 nm. For enhancing computational accuracy whilst reducing computing 
resources, we used non-uniform mesh, the Yee cell sizes in the plasmonic nanogap region were set as 31 1 1 nm  . Figs. 2(a)-
(c) show the local electric field intensity with logarithmic scale of different vertical coupled structures. Based on the local 
electric field, we can obtain the electric field enhancement factor according to the formula 
loc inc/M = E E  , where incE  
represents the incident electric field24. Since the Raman enhancement is proportional to the fourth power of the local electric 
field enhancement25, the Raman enhancement factor can be presented as M4. For the Ag probe-glass configuration shown in 
Fig. 2(a), the field enhancement originates from the LSPR of the Ag probe, the maximal M is about 26.3 and the Raman 
enhancement factor reaches up to 54.8 10 . For the Ag probe-VP configuration shown in Fig. 2(b), the field enhancement 
benefits from the plasmonic interaction14 between the Ag probe and VP, the maximal M reaches up to 915.8 and the Raman 
enhancement factor reaches up to 117.0 10 . Considering the probe used in practical applications, we performed the simulation 
of an Ag-coated probe shown in Fig. 2(c), the silver coating thickness is 40 nm. The maximal M reaches up to 906.0 and the 
Raman enhancement factor reaches up to 116.7 10  . Through the comparison of the local field enhancement of the 































































































FIG. 2. Local electric field intensity with logarithmic scale in (a) Ag probe-glass, (b) Ag probe-VP, and (c) Ag-coated probe-VP 
configurations. (d) The spectra responses of different configurations. 
 
We also calculated the spectra responses of different configurations with wavelength ranging from 0.4 µm to 0.9 µm, as 
shown in Fig. 2(d). The Ag probe-glass coupled structure shows a weak hybridization effect in the wavelength range, resulting 
in a smaller M and its maximum value is about 85.9. The Ag probe-VP and Ag-coated probe-VP configurations have maximum 
electric field enhancement factors of 1131.0 and 1125.9, respectively. This reveals that the VP engaged configuration can 
produce a larger field enhancement and over a wide spectral range. The curve of Ag-coated probe-VP configuration almost overlaps 
with that of Ag probe-VP configuration especially in the wavelength range from 0.4 µm to 0.6 µm, this means the Ag probe can 
be replaced by the Ag-coated probe in the TERS application. 
B. Gap distance and curvature radius dependent field enhancement 
For the traditional dimer structure, the electric field enhancement is related to the dimer gap distance. Here we further 
investigated the influence of the gap distance d in the virtual-real probe dimer structure on the field enhancement. As shown in 
Fig. 3(a), the electric field enhancement factor decays with the gap distance d increasing from 2 nm to 10 nm. According to 
Eq. (2), locE  is positively related with 0E  . If we assume the virtual probe as the incident electric field ( 0E  ). Since the 
longitudinal component of VP decays exponentially along the longitudinal direction20,21, which can be explained according to 





























































































Through the comparison between theoretical analysis and simulation result, we can conclude that the local field enhancement 
is exponential dependence on d. When d is 2 nm, the field enhancement factor is more than 103 in the wavelength range of 
0.5 µm to 0.6 µm, which is enough for single-molecule detection. The result that the SPR peak blue shifts with the increase of 
the gap distance is consistent with the previous study26. 
 
 
FIG. 3. The maximum electric field enhancement factor of the virtual-real probe dimers with different parameters in the wavelength range 
from 0.3 µm to 0.9 µm. (a) The electric field enhancement with the variation of d every 2 nm when R is 15 nm. (b) The field enhancement 
with the variation of R every 5 nm when d is 2 nm. In the calculations, the cone angle θ is fixed to be 45°. 
 
In order to study the edge effect of the real probe on the electric field enhancement, we simulated the Ag probe-VP 
configuration. The gap distance d is selected as 2 nm with a moderate enhancement. As we can see in Fig. 3(b), the field 
enhancement decreases when the curvature radius R increases from 1 nm to 25 nm. A smaller curvature radius leads to a 
remarkable field enhancement due to the lightning-rod effect that a large amount of charge accumulates on the Ag probe apex27. 
We can find that when the curvature radius ranges from 1 nm to 25 nm, the electric field enhancement factor can exceed 103, 
which provides high enough enhancement for single-molecule detection. In particular, the field enhancement factor reaches a 
significant value of 36.3 10  in the condition R = 1 nm and d = 2 nm, and the Raman enhancement factor reaches up to 
151.6 10 . 
C. Curvature radius dependent spatial resolution and hotspot region 
Because the spatial resolution is another important performance parameter of the Raman imaging and detection system, 
we studied the effect of the curvature radius on the spatial resolution, which is defined as the FWHM of the confined electric 
field, i.e., the hotspot. The FWHM of the hotspot increases from 7.8 nm to 17.6 nm when the curvature radius increases from 
5 nm to 25 nm. It can be also found that the FWHMs of the confined electric fields are always smaller than or close to the 





























































































optimizing the curvature radius24,28,29. Therefore, a sharper probe will not only excite a stronger local electric field but also lead 




FIG. 4. (a) The FWHM with the variation of R. The insets in the top-left and bottom-right corners represent the local electric field 
distribution of the hotspot (R = 5 nm) and the FWHM along the dotted white line direction, respectively. (b) The number of hotspot unit 
cells with the variation of R. 
 
In order to quantify the single-molecule detection volume of the virtual-real probe dimer structure for Raman detection 
applications, we counted the number of the Yee cells whose electric field enhancement factor is larger than 103 in the plasmonic 
nanogap region, which were called hotspot unit cells here. As the curvature radius increases, the number of hotspot unit cells 
generally shows a decreasing trend except for the special R of 10 nm and 12 nm in Fig. 4(b). The electric field enhancement 
decreases slowly with the increasing of the curvature radius, but the scattering cross-section of the tip apex increases gradually 
with increasing R. That is the reason why the number of the hotspot unit cells increased slightly with varying R from 8 nm to 
12 nm. When R is 2 nm, the number of hotspot unit cells reaches the maximum value of 155. The results demonstrate that the 
virtual-real probe dimer has the ability to detect single molecule within a certain spatial volume. 
D. The Raman enhancement in coupled substrates 
Finally, we have summarized the Raman enhancement factors of several typical coupled structures of SERS and TERS, as 
shown in Fig. 5. For traditional nanoparticle dimers4,30, when the interparticle axis is perpendicular to the incident polarization, 
the Raman enhancement factor is only 22.6 10 , whilst the interparticle axis is parallel to the incident polarization, the Raman 
enhancement factor reaches up to 63.4 10 . For the sphere-film coupled structure with side illumination3, the single sphere 
structure with bottom illumination31, and the tip-sphere coupled structure with side illumination12,24, the Raman enhancement 
factors can reach 44.3 10 , 35.6 10 , and 101.8 10 , respectively. For the tip-film coupled structure with side illumination24, 





























































































reach 101.5 10 , 
101.7 10 , and 141.6 10 , respectively. These results reveal that the traditional coupled structures with tips 
are over that with spheres in terms of electric field enhancement. This is because the tip has the lightning-rod effect resulting 
in a remarkable field enhancement. The Raman enhancement factor of focused RPB excited VP on the metal film14 is about 
71.3 10 . The plasmonic interaction between the VP and the LSP of the metal sphere in the sphere-VP coupled structure leads 
to the Raman enhancement factor with a value of 131.6 10 , which is able to detect single molecule14. Given the lightning-rod 
effect of the tip, the tip-VP coupled structure, i.e., the virtual-real probe dimer, has generated a significant TERS enhancement 
factor with a value of 151.6 10 , which is highest for the existing SERS substrates to our best knowledge. 
 
 
FIG. 5. The enhancement effect of different coupled structures. The top-left, top-right, and bottom areas of the top-left insert of the table 
represent the light source incident direction, the typical Raman enhancement (M4), and different coupled structures, respectively. M4 of tip-
VP coupled structure in this work is marked by red.  
 
Ⅳ. Conclusion 
In summary, we have demonstrated that the vertically-oriented virtual-real probe dimer provides not only an ultrahigh 
electric field enhancement but also a high spatial resolution in the nanometer range. VP is responsible for high field 
enhancement as our structure can be comprehended as a VP stimulated TERS. Our simulation results using the dipole 
approximation theory shown that the electric field enhancement factor is dependent on the curvature radius R of the real probe, 
the longitudinal gap distance d, and the excitation laser wavelength λ. By optimizing these parameters, the Raman enhancement 





























































































is as small as 7.8 nm. Through the calculation of the number of the hotspot unit cells, it was found that the space single-molecule 
detection volume in our structure can be 
3155 nm . The temperature at the gap area can be controlled within a proper range by 
limiting the incident light power (see part 1 in the supplementary material) so that most biological samples will not be damaged 
at low temperatures. When a position deviation occurs in our coupled structure, the field enhancement shows a robust character 
(see part 2 in the supplementary material), which revealed that our structure has no alignment issue. Therefore, our model has 
great potential in scanning imaging and single-molecule detection. 
Supplementary material 
See the supplementary material for thermal calculation of virtual-real probe dimer and the calculation of electric field 
enhancement in the dimer with the deviation between the virtual-real probes. 
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